Two methods for measuring the modulation transfer function (MTF) of a charge-coupled device (CCD) that are based on the generation of laser speckle are analyzed and compared. The method based on a single-slit aperture is a quick method, although the measurements are limited to values of less than the Nyquist frequency of the device. The double-slit method permits the measurement of values of as much as some 1.8 times the Nyquist frequency, although it is a slower method because of the necessity to move the CCD. The difference between the MTF values obtained with the two methods is less than 0.1 in magnitude; the root-mean-square error between the two curves is 0.046 (4.6%).
Introduction
In recent years the rapid development of semiconductor technology has facilitated the generalization of the use of devices to capture images based on matrices of semiconductor detectors, such as chargecoupled devices (CCDs). 1 CCD cameras are widely used in diverse fields of science and technology as a powerful tool with which to gather information from complex scenes. Examples include quality control in various industrial applications, measurement of the colors of objects, astrophysics, illumination (for characterizing the spatial distribution of light), and artificial vision.
The determination of the modulation transfer function (MTF) enables the image quality of a system to be evaluated and characterizes the spatial-frequency response of an imaging system. 2, 3 The literature offers references to various methods of measuring the MTFs of CCDs that are essentially differentiated by type of target or pattern used as the object; however, these methods have not been compared in great detail. Each of them presents advantages and disadvantages, and it remains to be determined which of them will provide the more comprehensive evaluation of image quality. Thus, for example, methods use bar targets, 4 random targets, 5 canted self-imaging targets, 6 interferometric fringes, 7, 8 or laser-speckle patterns. 9 -11 The last-named technique is relatively simple and versatile: The alignment of the system is not critical, the entire array is tested, and it does not require a lens to project the target.
Here we analyze and compare two techniques for measuring the MTFs of CCD arrays based on the generation of laser speckle, showing the advantages and drawbacks. We used two types of aperture: single-and double-slit apertures. With the single-slit aperture the MTF can be determined without the need to move the CCD, although this technique is limited by the Nyquist frequency of the device. When a double slit is used, the spatial-frequency interval can be extended to almost double the Nyquist frequency, although in this case it becomes necessary to move the CCD to cover the frequency range. 10 
Experimental Device
The experimental device (Fig. 1) is composed of a He-Ne laser source ( ϭ 632.8 nm; 17 mW), an integrating sphere ͑ ϭ 152.4 mm͒, a linear polarizer, and an optical bench to hold the CCD, which is connected to a control card installed in a PC. The laser radiation is aimed at the input aperture of the integrating sphere, generating a speckle pattern at the output aperture. The radiation emerging from the output port of the integrating sphere exhibits uniform irradiance and a uniformly distributed phase of 0-2. Depending on the measurement method used, a single or a double slit is situated at the output aperture of the sphere; the slit determines the content in spatial frequency of the pattern registered in the CCD. After the single or double slit is selected, a polarizer is put into place to guarantee a linearly polarized speckle pattern. These conditions ensure that the power spectral density (PSD) of the speckle irradiance in the CCD is proportional to the autocorrelation of the transmission function of the aperture, plus a delta function of zero frequency. 12, 13 The relationship between the PSDs is given by the expression (1) where and are the spatial frequencies that correspond to horizontal and vertical directions x and y, respectively. When the theoretical PSD input is known for the slit in question, and the PSD output is measured by the CCD, it is possible to determine the MTF of the device by use of Eq. (1).
Given the geometry of the two apertures used, PSD input in both cases can be separated into frequencies and . In the present study we consider PSD input ͑͒ and therefore have determined the horizontal MTF.
For the measurements we used a high-resolution CCD monochrome PixelFly array composed of a matrix of 1360 ϫ 1024 pixels ͑horizontal ϫ vertical͒ as well as a horizontal and a vertical interpixel spacing of 4.65 m. For processing the images, the appropriate software was developed by use of version 6.1 of the Matlab computer program.
A. Single-Slit Aperture
The transmission function of the aperture is given by P(x, y) ϭ rect(x͞l 1 )rect(y͞l 2 ).
(2) Figure 2 shows the geometry that corresponds to the single-slit aperture used.
PSD input of the speckle irradiance in the CCD can be expressed as a delta function at zero frequency plus the normalized autocorrelation of P͑x, y͒ (Refs. 12 and 13):
where tri͑x͒ ϭ 1 Ϫ |x| for |x| Յ 1 and tri͑x͒ ϭ 0 elsewhere and ͗I͘ 2 is the square of the average speckle irradiance.
As mentioned above, by virtue of the geometry of the single-slit aperture, PSD input can be separated into the frequencies and , which correspond to the horizontal and vertical directions x and y, respectively. The one-dimensional PSD input ͑͒ is the ϭ 0 profile of PSD input ͑, ͒.
The Nyquist spatial frequency for a CCD with a center-to-center spacing ⌬x between the photoelements is given by Ny ϭ 1͑͞2⌬x͒. The horizontal and vertical spacing between pixels of the CCD is 4.65 m, providing a Nyquist frequency of 107.53 cycles͞mm in both directions.
Also, the expression
relates the spatial frequency to the aperture's horizontal dimension, x, and to the distance from the aperture to the observation plane, z. In addition, to prevent aliasing, the maximum frequency contained in the speckle pattern, cutoff , was chosen to equal the spatial Nyquist frequency of the CCD. Taking into account that cutoff ϭ l 1 ͑͞z͒, we get a separation distance of z ϭ 44 mm between the CCD and the aperture. Furthermore, when the theoretical PSD input is known for a single slit, the MTF of the CCD can be determined from Eq. (1). Figure 3 is a schematic of the narrowband aperture used. In this case the transmission function of the aperture is given by
where ‫ء‬ is a convolution operator, l 1 and l 2 are, respectively, horizontal and vertical dimensions of the slits, and L is the spacing between them. Each of the rectangular apertures of the double-slit aperture used is 0.70 mm wide and 10 mm tall, with a separation between centers of 7.3 mm.
PSD input of the speckle irradiance in the CCD can be expressed as a delta function at zero frequency plus the normalized autocorrelation of P͑x, y͒. 12, 13 The two-dimensional input PSD can be written as
As in the case of the single-slit aperture, the previous function can be separated into and . The onedimensional PSD input ͑͒ is the ϭ 0 profile of PSD input ͑, ͒. The double-slit aperture provides a peak at the PSD centered on a frequency that depends on the distance between the CCD and the aperture. 10 Thus the distance between the CCD and the aperture determines the spatial frequency that is being evaluated, such that at high frequencies the MTF is given when the CCD is near the aperture, whereas the low frequencies are achieved when the CCD is far away from the aperture. It suffices to measure the maximum value of this peak after normalizing the PSD to the unit for zero frequency and taking the square root to establish the value of the MTF at the frequency that is being evaluated at that moment. The total number of measurements to determine the MTF by the method of double slit was 91. In both methods we determined the output spectrum by averaging a total of 10 images with the aim of minimizing the random variations caused by temporal noise. 14 
Data Processing

A. Single-Slit Aperture
Once the CCD was set at a distance of 44 mm from the single-slit aperture as indicated in Subsection 2.A, the PSD output was determined in the following way: For a given digitized frame of speckle data with the background subtracted, a region of 600 ϫ 600 pixels was selected. Each horizontal row of data is a single observation of an ergodic random process. A fast Fourier transform was performed on each row of speckle data. The magnitude squared in one dimension provided a single estimate of the onedimensional power spectrum, PSD output ͑͒. These 600 spectra were ensemble averaged for a better signalto-noise ratio in PSD output ͑͒. 14 To reduce the noise even further, the average was taken for 10 frames. Figure 4 shows a section of speckle pattern registered by the CCD and its corresponding PSD. The frames are stored uncompressed in tiff format, with a 0.025᎑s integration time used for the CCD.
B. Double-Slit Aperture
The double-slit aperture gives a peak in the PSD centered at a frequency that depends on the distance between the CCD and the aperture. Thus the distance between the CCD and the aperture determines the spatial frequency that is being evaluated at each moment. For each position of the CCD, the image is processed as described in Subsection 3.A for the single-slit aperture. The frames are stored uncompressed in tiff format, with an integration time of 0.330 s used for the CCD. Figure 5 shows a speckle section and its corresponding PSD.
Results and Discussion
In a single-slit aperture the MTF is determined from a fit of PSD output ͑͒ [ Fig. 4(a) ] to a sixth-order polynomial ͑r ϭ 0.994͒. This curve best fits the experimental data throughout the range of spatial frequencies. Polynomials of lower orders provide good fits to the data that correspond to the low and medium frequencies but not to the high ones.
In a double-slit aperture the MTF is fitted to a second-order polynomial ͑r ϭ 0.908͒. Figure 6 presents the experimental data compiled with the double-slit aperture, together with the curve fitted to a second-order polynomial. Meanwhile, Fig. 7 compares the normalized curves of the MTF of the CCD drawn from single-and double-slit apertures.
As shown in Fig. 7 , the two methods analyzed give different MTF values of the CCD detector. With the method of the single-slit aperture it is possible to measure the MTF only for spatial frequencies lower than the Nyquist frequency, giving MTF values higher than those of the double-slit method (except near the Nyquist frequency). With the second method the interval of spatial frequencies can be extended to some 1.8 times the Nyquist frequency, offering a more comprehensive characterization of the device, although it has the drawback of being a slower measurement method because it is necessary to move the CCD. With the single-slit method the reason for the appreciable increase in the MTF values near the Nyquist frequency is that in this zone PSD input approaches zero, whereas the output spectrum still has a finite value owing to the noise of the CCD. 9 On elimination of this growing stretch of the MTF (considering only the frequencies up to 102.70 c͞mm), the difference between the MTF values of the two curves is consistently less than 0.1 in magnitude, and the root-mean-square error between the two curves is 0.046.
Conclusions
We have analyzed two methods of measuring the MTFs of CCD arrays based on the generation of speckle by an integrating sphere. The two methods were compared quantitatively, and the advantages and disadvantages of each were demonstrated. With the double-slit aperture we succeeded in measuring the MTF of the CCD for spatial frequencies of zero to 1.8 times the Nyquist frequency of the CCD, in general providing values lower than those of the singleslit aperture.
